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Abstract: Trace element geochemical and LA-ICP-MS U–Pb data of detrital rutile grains from Jurassic sandstones of  
the Bayırköy Formation exposed in the western part of the Sakarya Zone were presented to characterize and differentiate 
potential source lithologies. The Bayırköy Formation commence with coarse-grained conglomerate at the bottom and 
passes up to medium to coarse-grained sandstone. Fine-grained marl occurs on top of the Bayırköy Formation. This 
uppermost level of the Bayırköy Formation is separated as nodular limy levels, clayey and marly nodular levels.  
The Jurassic Bayırköy Formation in northwestern Türkiye was deposited in a mixed continental–marine setting, reflecting 
the transition from fluvial–deltaic systems into shallow marine environments. The Jurassic sandstones are yellowish 
brown-colored, medium to coarse-grained and well-bedded, which exhibits shoreface to tidal flat facies suggesting  
a coastal transition zone with tidal influence. The Nb and Cr contents in rutile grains are in the range of 40–11900 μg/g 
and 6–5700 μg/g, respectively. According to the Cr–Nb discrimination, the great majority of detrital rutile grains (70 %) 
are sourced from metapelitic rocks such as mica schists and paragneisses, the rest of detrital rutile grains (30 %) are 
derived from metamafic rocks such as amphibolites, eclogites and metagabbros. Trace element composition of detrital 
rutile grains demonstrate that the source rock lithology is predominantly metapelitic in origin. The Zr-in-rutile 
temperatures range from 480 °C to 790 °C, which indicates amphibolite-facies metamorphic conditions. The U–Pb age 
data of detrital rutile grains range from 313 Ma (n = 72, MSWD = 2.6) to 330 Ma (n = 53, MSWD = 2.5), which yields  
the age of metamorphism for the potential source rocks of detrital rutile grains in the Sakarya Zone. Trace element 
composition, Zr-in-rutile temperatures and rutile U–Pb age data exhibit potentially derivation from metamorphic source 
rocks which underwent metamorphism in amphibolite-facies conditions during Early Carboniferous. Exposures with 
Variscan amphibolite-facies metamorphic basement rocks can be assumed as likely sources for these sandstones in  
the Jurassic Bayırköy Formation. Amphibolite-facies metamorphic rocks in the Sakarya Zone seem to be the primary 
source lithologies for the detrital rutiles in the Jurassic sandstones. Another conceivable source for detrital rutile grains 
could be syn- to post-tectonic Carboniferous granites, mesothermal gold deposits and granite-pegmatite-hosted W–Sn 
mineralization owing to high elevated Sn and W concentrations in detrital rutile grains.
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Introduction

Trace element geochemistry of detrital grains (e.g., zircon, 
rutile, garnet, titanite) within clastic sedimentary rocks has 
provided a rich source of knowledge on the rock units where 
they are incorporated in such as exceedingly relevant informa-
tion about revealing petrological and tectonic processes (Okay 
et al. 2011; Şengün et al. 2020a; Pereira et al. 2021; Schönig et 
al. 2022; Rösel et al. 2025; Yaşar et al. 2025), trace mineral 
deposits (Shi et al. 2012; Che et al. 2013; Pereira & Storey 
2023), crustal recycling (Andersen et al. 2022). Rutile, one of 
these detrital grains, contains significant amounts of trace ele-
ments and is widely ubiquitous in many magmatic, metamor-

phic and especially clastic sedimentary rocks, as well as in 
some hydrothermal systems because it withstands weathering 
and transport extremely well (Force 1980; Morton & Halls-
worth 1994; Meinhold 2010). Clastic sedimentary rocks are 
widely distributed in a wide variety of depositional environ-
ments, which underlines their usefulness in various basic and 
applied research areas (Galloway & Hobday 1983; Pettijohn et 
al. 1987; Jamil et al. 2021). Detrital rutile grains are often used 
as a provenance indicator for clastic sedimentary rocks based 
on the Nb and Cr concentrations (Triebold et al. 2012; Avigad 
et al. 2017; Rösel et al. 2019; Pereira et al. 2020; Şengün et al. 
2020a; Ershova et al. 2024). Nb/Cr ratios of detrital rutile 
grains are known to discriminate the pelitic source rocks from 
the mafic source rocks (e.g., Zack et al. 2004; Meinhold et al. 
2011; Rösel et al. 2019; Ershova et al. 2024).

Rutile is well suited to estimate temperature conditions in 
the source of clastic rocks using the Zr-in-rutile thermometer 
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(Zack et al. 2004; Tomkins et al. 2007; Kohn 2020). Rutile 
grains develop in metamafic and metapelitic rocks various 
ranges of pressure–temperature conditions. Thus, detrital 
rutile grains have an advantageous when tracking sediment 
input from the greenschist to amphibolite or granulite-facies 
sources (e.g., Meinhold 2010; Zack & Kooijman 2017).

Rutile is also one of the minerals used for U–Pb age deter-
mination in provenance studies, which records the age of  
the latest medium to high-grade metamorphic event of source 
rocks (e.g., Okay et al. 2011; Avigad et al. 2017; Rösel et al. 
2019; Şengün et al. 2020a; Ershova et al. 2024; Yaşar et al. 
2025). This is because detrital rutile has a low closure tem-
perature for Pb rutile (500–600 °C) (Vry & Baker 2006; 
Kooijman et al. 2010). Therefore U–Pb dating of such rutile 
grains provides the timing of the lead closure temperature  
in rutile during upper amphibolite to lower granulite-facies 
metamorphism. The rutile U–Pb age data were used to derive 
the age of metamorphic events within the source area in this 
study. 

This study presents combined trace element geochemical 
data and U–Pb age determinations of detrital rutile from the 
Jurassic Bayırköy Formation of the western Sakarya Zone and 
its metamorphic conditions. The combination of chemical 
composition with U–Pb dating of rutile and provenance dis-
crimination relationships, including mineralogical fingerprints 
such as the Cr–Nb provenance discrimination, leads to a more 
robust toolkit for provenance determination. The aim of this 
paper is to provide information on the timing of metamorphic 
event of the source rocks and to reveal the geochemical com-
position of the source rocks and metamorphic conditions 
based on detrital rutile grains within the Jurassic Bayırköy 
Formation. The origin of the clastic rocks in the Jurassic 
Bayırköy Formation and their genetic relationship with the 
Variscan orogeny play a fundamental role in the Mesozoic 
paleotectonic reconstruction of Türkiye.

Geological setting

Türkiye is commonly subdivided into several tectonic zones 
separated by ophiolitic suture zones representing the closure 
of branches of Tethyan ocean basins during the Mesozoic  
and Cenozoic (e.g., Şengör & Yılmaz 1981; Okay & Tüysüz 
1999; Moix et al. 2008, Fig. 1). Northwestern Anatolia is 
known as region where different tectonic units meet, forming 
one of the critical regions in the geology of Türkiye (e.g., 
Okay & Satır 2000a; Şengün et al. 2011; Aysal et al. 2012; 
Okay & Topuz 2017; Karslı et al. 2020; Topuz et al. 2020). 
The Sakarya Zone, one of these crustal units, is E–W-trending 
continental sliver bordered by the İstanbul Zone, Thrace Basin 
in the north, by the Anatolide–Tauride Block and Tavşanlı 
Zone in the south (Fig. 2a). The complex pre-Jurassic base-
ment of the Sakarya Zone contain three distinct tectonic rock 
units: (i) Carboniferous amphibolite–granulite-facies meta-
morphic basement rocks of the Kazdağ, Uludağ, Kurtoğlu, 
and Pulur Massifs dated by U–Pb using monazite and zircon 

minerals with an age ranging from 310 to 334 Ma (Topuz & 
Altherr 2004; Okay et al. 2006; Topuz et al. 2007; Erdoğan et 
al. 2013, Fig. 1). (ii) Silurian, Devonian, Carboniferous and 
Permian granitoids cutting these metamorphic basement rocks 
(Okay et al. 1996; Topuz et al. 2004; Aysal et al. 2012a, b; 
Sunal 2012; Şengün & Koralay 2017; Karslı et al. 2020; 
Şengün et al. 2020b; Topuz et al. 2020). (iii) Permo–Triassic 
Karakaya Complex composed of lower Karakaya Complex 
and upper Karakaya Complex (Okay & Göncüoğlu 2004). 

Conglomerate, sandstone, mudstone and claystone interca-
lations of the Early Jurassic Bayırköy Formation unconfor
mably overlie the pre-Jurassic basement of the Sakarya Zone 
(Fig. 2b). The Jurassic Bayırköy Formation exposes in the 
Gönen region located on the western part of the Sakarya Zone 
(Fig. 2b). The Bayırköy Formation mainly consists of sand-
stone with alternations of conglomerate, mudstone and marl in 
the Gönen region with a thickness of up to 600 m and uncon-
formably rest over the Karakaya Complex with greenschist-
facies metamorphic rocks (Fig. 3). The sandstones of the 
Jurassic Bayırköy Formation are chiefly classified as arkose, 
subarkose and litharenite based on the major element geo-
chemistry and modal abundances of their framework com
ponents (Şengün & Koralay 2019). The Bayırköy Formation 
commence with coarse-grained conglomerate at the bottom 
and passes up to medium to coarse-grained sandstone. Fine-
grained marl occurs on top of the Bayırköy Formation. This 
uppermost level of the Bayırköy Formation is separated as 
nodular limy levels, clayey and marly nodular levels. Clast to 
matrix-supported conglomerates is characterized by reddish 
yellow-colored, coarse-grained, cross-bedding and well-
sorted pebbles consisting of quartzite, limestone, granite and 
basalt. Based on the fossil fauna reported from red nodular 
ammonitico rosso limestones intercalated within these clastic 
rocks, the age of the Bayırköy Formation is given as Hettan
gian–early Pliensbachian (Okay et al. 1991). The Jurassic 
Bayırköy Formation in northwestern Türkiye was deposited in 
a mixed continental–marine setting, reflecting the transition 
from fluvial–deltaic systems into shallow marine environ-
ments. The lower levels are represented by fluvial and deltaic 
deposits (conglomerate) indicating river-influenced sedimen-
tation. The middle levels exhibit shoreface to tidal flat facies, 
which suggests a coastal transition zone with tidal influence. 
The upper levels including shallow marine carbonates and 
fossiliferous horizons (ammonites, brachiopods, benthic fora
minifera) marking a marine transgression into a shelf environ-
ment (Altıner et al. 1991).

The Bayırköy Formation is unconformably overlain by 
Ammonitico Rosso type carbonates of the Bilecik Limestone. 
Fossil assemblages documented in this unit such as gastro-
pods, ammonites, belemnites, bivalves, crinoids, brachiopods 
and foraminifera were identified and assigned to Sinemurian–
Pliensbachian age (Altınlı 1973; Altıner et al. 1991; Akyürek 
et al. 1996). Oligo–Miocene volcanic rocks consisting of 
andesite, basalt unconformably overlie the Mesozoic sedimen-
tary rocks. Pliocene sedimentary rocks unconformably cover 
all units in the Gönen region (Fig. 3). 
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Samples and analytical techniques

Two sandstone samples (sample 2428, 35S 0546666N–35S 
4445380E; sample 2432, 35S 0545785N–35S 4446484E) 
from the Jurassic Bayırköy Formation were selected for trace 
element and U–Pb isotope analyses of rutiles. The sample 
locations are given in Fig. 2b. 

Heavy mineral separation has been fulfilled on the two 
sandstone samples (2428, 2432) using traditional techniques 
of crushing, sieving, magnetic separation and heavy liquids. 
Clean and inclusion-free detrital rutile grains were separated 
under a binocular microscope. Hand-picked detrital rutile 
grains were embedded in epoxy resin and polished down to 
1 μm for LA-ICP-MS analyses.

Sample 2428 was taken from light brown-colored, medium 
to coarse grained, well-bedded sandstone that is representing 
the lower part of the Bayırköy Formation (Figs. 3 and 4a). 
Between 10–20 cm thick sandstone layers, 3–6 cm thick mud-
stone layers occur (Fig. 4b).  The sandstone sample mainly has 
the mineral assemblages of quartz (~54 %), K-Feldspar (~7 %) 
and rock fragments (~29 %), which are cemented by carbonate 
(~10 %) (Fig. 4c). Zircon, rutile and apatite minerals have been 
detected as heavy mineral phases in the sandstone. Quartz is  
a dominant framework grain in this sandstone sample and 
occurs as both monocrystalline grains (Qm) and polycrys

talline grains (Qp). Subangular monocrystalline quartz is the 
most abundant component and indicates straight to slightly 
undulose extinction. The polycrystalline quartz grains have 
elongated shape, undulose extinction and irregular to crenu-
lated intercrystalline boundaries, which suggests originated 
from metamorphic source rocks (Fig. 4d). K-feldspar has 
large crystals, grayish white to yellowish colors and is readily 
identified by Carlsbad twinning, whereas plagioclase is cha
racterized by gray color and polysynthetic twinning. Rock 
fragments constituting 29 % of sandstone sample are chiefly 
composed of a mix of volcanic (Lv) and metamorphic (Lm) 
rock fragments (Fig. 4e).

Sample 2432 was collected from the upper part of the 
Bayırköy Formation. The mineralogical components of sam-
ple 2432 is mainly made up of quartz (~49 %), K-feldspar 
(~10 %) and rock fragments (~28 %). The sandstone sample 
2432 is cemented by silica and carbonate with amounts 
varying from 4 % to 9 %. Plagioclase and K-feldspar grains 
usually are subrounded to subangular-shaped and constitute 
10 % of the sandstone sample, which is widely replaced by 
sericite. Volcanic rock fragments consist of fine-grained basal-
tic/andesitic rock fragments. However, metamorphic rock 
fragments are usually composed of polycrystalline quartz 
grains that are derived from high grade metamorphic sources 
(Fig. 4f).

Fig. 1. Tectonic map of the Black Sea region showing the distribution of pre-Jurassic basement outcrops and Jurassic Bayırköy Formation in 
northern Türkiye (modified after Okay & Nikishin 2015). IAES: Izmir–Ankara–Erzincan suture, IPS: Intra-Pontide suture, ITS: Inner Tauride 
suture. Isotopic ages are from Okay & Topuz (2017) and Şengün et al. (2020b).
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Fig. 2. (a) Simplified geotectonic map of the Eastern Mediterranean region (after Okay & Tüysüz 1999; Meinhold et al. 2011); (b) Detailed 
geological map of the Gönen region in the northwestern Sakarya Zone together with the location of the analysed samples (modified from 
Yiğitbaş et al. 2010).
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LA-ICP-MS analyses

Laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) was used to determine trace element con-
centrations as well as U–Pb ages of the rutile grains. Clear, 
crack and inclusion-free detrital rutile grains from both sand-
stone samples were selected. The trace element and U–Pb 
analyses were performed simultaneously by LA-ICP-MS at 
the Institute for Geoscience, Johannes Gutenberg University 
in Mainz using an ArF Excimer Laser (NWR 193, ESI New 
Wave) equipped with a TwoVol2 ablation cell, coupled to  
an Agilent 7700x ICP-MS instrument. Detailed information 
regarding equipment and instrumental conditions used for 
analyses is listed in Supplementary Table S1. Analyses were 
performed using a laser beam diameter of 30 μm with a beam 
energy density of ~3.5 J cm−2 and a repetition rate of 10 Hz. 
Each analysis consisted of 15 s of background measurement 
during laser warm‐up, 30 s of ablation and 20 s of washout. 
Monitored isotopes included 27Al, 45Sc, 49Ti, 51V, 52Cr, 56Fe, 
59Co, 60Ni, 66Zn, 89Y, 90Zr, 93Nb, 95Mo, 118Sn, 121Sb, 178Hf, 181Ta, 
182W, 206Pb, 207Pb, 208Pb, 232Th, and 238U. At the beginning  
and after every 10 spots on the samples, NIST SRM 610 
(Jochum et al. 2011), rutile R10 (Luvizotto & Zack 2009), as 
well as basaltic USGS BCR-2G (Jochum et al. 2005) were 
analyzed.

Trace element analysis of detrital rutiles

For the trace element determinations Ti measured as 49Ti 
was used as the internal standard element applying a mass 
fraction of 98.4 wt % TiO2 (59 wt % Ti) for rutile grains.  
The synthetic glass NIST SRM 610 was used for calibration 
applying the preferred values available from the GeoReM 
database (http://georem.mpch-mainz.gwdg.de/; compare also 
Jochum et al. 2005, 2011). Basaltic USGS BCR-2G and rutile 
R10 (Luvizotto & Zack 2009) were used to monitor accuracy 
and reproducibility of the analysis and calibration strategy. 
The time‐resolved signal was processed using the program 
Iolite 4 (Paton et al. 2011) using Trace Elements data reduc-
tion scheme (DRS) (Supplementary Table S2). Results for the 
quality control material agree well with the range of published 
values reported in the GeoReM database (http://georem.mpch-
mainz.gwdg.de/). Trace element mass fractions of reference 
materials and detrital rutile grains are given in Supplementary 
Tables S4 and S5.

Zr-in-rutile thermometer

Zr-in-rutile thermometer is based on the zirconium content 
in rutile coexisting with quartz and zircon. The Zr contents  
of detrital rutile grains provide crucial information about  
the temperature of the latest metamorphic event based on  
the equilibrium with zircon and quartz in the host rock (Zack 
et al. 2004). The Tomkins et al. (2007) thermometer was used 
for the calculation of Zr-in-rutile temperatures for each rutile 
grain, which considering as pressure of 10 kbar. The calibra-
tion of Tomkins et al. (2007) with a pressure correction is  
a trustworthy thermometry for medium to high-grade meta-
morphic rocks, which gives more reliable temperatures than 
any other exchange thermometers (e.g., Miller et al. 2007; 
Luvizotto & Zack 2009).

U–Pb dating of detrital rutile grains

Signal intensities of the isotopes (206Pb, 207Pb, 208Pb, 232Th, 
and 238U) were reduced in Iolite 4 (Paton et al. 2011) using 
VizualAgeUcomPbine DRS (Chew et al. 2014, Supplementary 
Table S3). Common Pb correction in the reference material 
and detrital rutile grains was based on the model Pb composi-
tion of Stacey & Kramers (1975) (Supplementary Table S6). 
The IsoplotR (Vermeesch 2018) was used to calculate 
207Pb/235U and 206Pb/238U ages from the respective ratio from 
the Iolite output data table (Supplementary Table S7). The Tera-
Wasserburg lower intercept ages were used for interpretation 
and discussion. All age uncertainties are given as 2s level in 
the text.

Results

Detrital rutile grains are yellowish to reddish brown colour 
and have mostly well-rounded shapes showing detrital origin 

Fig. 3. Generalized stratigraphic section of Mesozoic sedimentary 
sequences in the northwestern Sakarya Zone and the unconformably 
overlying Oligo–Miocene and Pliocene covers.
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in the two sandstones samples. From each of the two samples, 
110 detrital rutile grains were separated. Thus, trace element 
composition of 220 rutile grains in the studied sandstone sam-
ples from the Jurassic Bayırköy Formation were determined 
by LA-ICP-MS and the results are given in Supplementary 

Table S5. All detrital rutile grains were further analysed for 
their U and Pb isotopic composition (Supplementary Table S7). 
For some grains, the signals for the different Pb and U isotopes 
were unstable. Such analyses were not further processed for 
U–Pb ages and are indicated respectively in the tables. 

Fig. 4. (a) Field view of brown-coloured, medium to coarse-grained sandstone (35S 0545780N–35S 4446458E); (b) thin-bedded sandstone and 
thin-bedded siltstone alternation in the Jurassic Bayırköy Formation (35S 0545484N–4447377E); (c) Photomicrograph of analysed Jurassic 
sandstone including subrounded monocrystalline quartz grains with straight extinction; (d) Polycrystalline quartz grain showing subgrains with 
straight to slightly curved intercrystalline boundaries; (e) Volcanic rock fragments with basaltic/andesitic origin; (f) Metamorphic fragments 
represented by elongated quartz grains (all the photomicrographs are observed in cross-polarized light, Qm: monocrystalline quartz, Qp: poly-
crystalline quartz, Kfs: potassium feldspar, Pl: plagioclase, Bt: biotite, Ms: muscovite, Lv: volcanic fragment, Lm: metamorphic fragment, 
mineral abbreviations after Kretz 1983).

https://geologicacarpathica.com/data/files/supplements/GC-77-4-Sengun_TablesS1-S7.xlsx
https://geologicacarpathica.com/data/files/supplements/GC-77-4-Sengun_TablesS1-S7.xlsx
https://geologicacarpathica.com/data/files/supplements/GC-77-4-Sengun_TablesS1-S7.xlsx
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Trace element composition of detrital rutile grains

Sample 2428

Detrital rutile grains are mostly elongated, 150–250 µm 
long and show quartz inclusions and tiny ilmenite lamellae 
(Fig. 5a). Nb concentrations in detrital rutile have a wide range 
varying between 80 µg/g and 11600 µg/g. However, Cr con-
tents vary from 20 µg/g to 5700 µg/g. Most detrital rutile 
grains are classified as metapelitic according to the source 
rock discrimination diagram of Triebold et al. (2012) in Fig. 6a 
(82 % metapelitic source, 18 % metamafic source). The Zr 
contents in detrital rutile grains range between 20 µg/g and 
1400 µg/g. The Zr-in-rutile temperature estimations for the 
detrital rutile grains for 10 kbar α-Quartz after Tomkins et al. 
(2007) and are illustrated in Fig. 6b. The temperatures calcu-
lated for rutile grains in sample 2428 range from 480 °C to  
790 °C with an average of 665 °C (Fig. 6b). Detrital rutile 
grains mostly yield Zr-in-rutile temperatures that agree with 
amphibolite-facies metamorphic conditions, which range bet
ween 500 and 750 °C. Only a minority of detrital rutile grains 
indicate Zr-in-rutile temperatures equivalent to greenschist-
facies (450–500 °C) and granulite-facies metamorphic con
ditions (750–800 °C).

Hf and Ta concentrations exhibit large variations (Hf:  
0.1–125 µg/g, Ta: 2.7–1564 µg/g). Nb/Ta ratios of 110 meta
pelitic and metamafic detrital rutile grains vary from 4 to 64 
with a mean value of 18. Most of the detrital rutile grains  
agree largely with subchondritic Nb/Ta ratios (Fig. 7a; 

chondritic Nb/Ta = 19.9 value from Münker et al. 2003). How
ever, 15 of detrital rutile grains have suprachondritic Nb/Ta 
ratios (20–38 with an average of 28) (Fig. 7a, b). On the other 
hand, all the metapelitic and metamafic detrital rutile grains, 
except for thirteen, have subchondritic Zr/Hf ratios (4–59) 
compared to the chondritic Zr/Hf value of 34.3 (Fig. 7b; 
Münker et al. 2003). 

Sample 2432

Detrital rutile grains are mostly rounded in shape, indicating 
a sedimentary origin (Fig. 5b). Some rutile grains are elon-
gated in shape and contain ilmenite, zircon, and quartz inclu-
sions. Most of the grains are dark brown and have homogenous 
chemical composition. The Nb and Cr contents in rutile grains 
are in the range of 40–11900 μg/g and 6–4600 μg/g, respec-
tively. Most of the detrital rutile grains were plotted for source 
discrimination on the Cr–Nb diagram (Fig. 6a). 58 % of the 
detrital rutile grains were sourced from metapelitic and 42 % 
from metamafic rocks based on the Cr–Nb ratios. Zr concen
trations in both metapelitic and metamafic detrital rutile grains 
vary between 40 μg/g and 1400 μg/g. Zr-in-rutile temperatures 
calculated by the calibration of Tomkins et al. (2007) range 
from 510 °C to 790 °C with an average temperature of 605 °C 
at 10 kbar (Fig. 6c). Temperatures estimates exhibit that 
metapelitic and metamafic rutile grains grew under amphibo-
lite-facies metamorphic conditions, whereas a few detrital 
rutile grains have Zr-in-rutile temperatures showing granu-
lite-facies metamorphic conditions.

Fig. 5. BSE images of some rutile grains from sample 2428 (a) and sample 2432 (b). Red circle refers to the laser spots (30 µm) for U–Pb and 
trace element analyses (q: quartz, il: ilmenite, zr: zircon). 
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Fig. 6. (a) Cr–Nb source rock discrimination from the detrital rutile grains analysed in this study. The classification into metapelitic and meta-
mafic follows Triebold et al. (2012). (b, c) Zr-in-rutile temperature distributions. Zr-in-rutile temperatures were calculated according to 
Tomkins et al. (2007) assuming a pressure of 10 kbar in the α-quartz field. Temperatures below approximately 500 °C correspond to green-
schist/blueschist facies, between approximately 500 °C and approximately 750 °C to amphibolite and eclogite facies and above 750 °C to 
granulite facies.

Fig. 7. Element ratio plots. Points represent individual analyses. (a) Nb versus Nb/Ta. (b) Zr/Hf versus Nb/Ta diagram. Nb/Ta and Zr/Hf of 
rutile are usually subchondritic. Dashed lines refer to chondritic values for continental crust, depleted mantle, Nb/Ta and Zr/Hf (Barth et al. 
2000; Münker et al. 2003).
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Metapelitic and metamafic detrital rutile grains have Ta and 
Hf concentrations of 0.45–1526 μg/g and 0.32–110 μg/g, 
respectively. The 110 detrital rutile grains have Nb/Ta ratios 
varying from 2 to 49 with a mean value of 20. While most of 
the detrital rutile grains have subchondritic Nb/Ta ratios 
(chondritic Nb/Ta = 19.9 value from Münker et al. 2003), there 
are 16 detrital rutile grains from this sandstone that have 
superchondritic Nb/Ta values (Fig. 7a). In contrast, all metape-
litic and metamafic detrital rutile grains have subchondritic 
Zr/Hf (7–48) ratios compared to the chondritic Zr/Hf value of 
34.3 (Fig. 7b; Münker et al. 2003) whereas four grains yield 
suprachondritic Zr/Hf ratios. Nb/Ta, Nb concentrations, and 
Zr/Hf ratios (Fig. 7a, b) overlap with each other in both meta
pelitic and metamafic detrital rutile grains, which reflects  
the compositions of the source rocks.

U–Pb geochronology of detrital rutile grains

Tera-Wasserburg plots for all samples with 2σ error ellipses 
(Fig. 8a, c) and the respective Kernel density estimation (KDE) 
plots for single analyses concordia ages (Fig. 8b, d) were illus-
trated using IsoplotR (Vermeesch 2018). Analyses that have 
uncertainties (2σ) for the 206Pb/238U age and 207Pb/235U age 
below the cut-off threshold calculated following Chew et al. 
(2020) are the most precise for both U decay systems. Seventy-
two detrital rutile grains from sample 2428 and fifty-three 
detrital rutile grains from sample 2432 were measured for 
their U–Pb isotope composition. U concentrations of dated 
samples range between 2 μg/g and 232 μg/g. This age data is 
more representative for the whole detrital rutile ages as rutile 
grains with low U and/or higher amounts of common 208Pb are 
excluded. 

19 detrital rutile grains out of 91 rutile grains from sample 
2428 were not included in the calculations due to low U con-
tent. The 238U/206Pb ages range between 244 Ma and 606 Ma. 
The lower intercept 238U/206Pb age of detrital rutile grains is 
313 ± 10 Ma (n = 72, MSWD = 2.6; Fig. 8a). However, six detri-
tal rutile grains have Ediacaran ages varying between 555 Ma 
and 606 Ma (Fig. 8b). 

53 detrital rutile grains from sample 2432 out of 90 detrital 
rutile grains yield single-analyses concordia ages (Fig. 8c). 
The 238U/206Pb ages from 53 detrital rutile grains have varying 
from 212 Ma and 694 Ma. The lower intercept 238U/206Pb age 
of detrital rutile grains is 330 ± 12 Ma (n = 53, MSWD = 2.5; 
Fig. 8c). On the other hand, eleven rutile grains and four rutile 
grains yield Ediacaran ages ranging from 541 Ma to 694 Ma, 
and Triassic ages between 212 Ma and 251 Ma, respectively 
(Fig. 8d). 

Discussion

Detrital rutile provenance of the Jurassic sandstones

The trace element composition and Zr-in-rutile thermo
metry of detrital rutiles from the Jurassic sandstones give 

significant information about their source rocks. The Cr vs Nb 
diagram allowed to discriminate between felsic and mafic 
sources. The enrichments in Nb or Cr also reflect the mafic 
from more felsic sources through fluid path or in its source 
even though this discrimination diagram was initially designed 
to separate felsic from mafic metamorphic source rocks (Zack 
et al. 2004). Based on the Cr and Nb concentrations, the detri-
tal rutile grains have been classified as metapelitic and meta-
mafic lithologies in origin (Fig. 6a). 70 % of the analysed 
detrital rutile grains from the two sandstone samples were 
derived from metapelitic rocks, whereas 30 % of the rutile 
grains yield the typical composition for those originated from 
metamafic rocks.

The rutile formation temperatures from detrital rutile grains 
were calculated by the Tomkins et al. (2007) calibration.  
The Paleozoic continental basement of the Sakarya Zone is 
represented by metamorphic rocks chiefly composed of ortho
gneiss, paragneiss, quartzofeldspathic schist intercalated with 
amphibolite, eclogite and marble lenses and granitic rocks 
(Okay et al. 1996). The main mineral assemblage of these 
felsic metamorphic rocks dominantly consists of quartz, pla
gioclase, garnet, biotite, muscovite and rare sillimanite, which 
gives the P–T metamorphic conditions of 5–11 kbar and higher 
than 600 °C (Okay & Satır 2000a; Topuz et al. 2007, 2020; 
Aygül et al. 2012). However, the P–T conditions of the meta-
mafic rocks (amphibolite, metagabbro, eclogite) were esti-
mated as 9–24 kbar at 450–650 °C according to the mineral 
assemblage of amphibole, garnet, phengite, omphacite, epi-
dote (Okay & Satır 2000a, b; Okay et al. 2002, 2006; Şengün 
& Zack 2016). These P–T conditions indicate that the meta-
morphic basement in the western Sakarya Zone underwent the 
amphibolite-facies metamorphism. Zr concentrations of most 
metapelitic detrital rutile grains from two sandstone samples 
vary from 30 μg/g to 1400 μg/g, which yields Zr-in-rutile 
temperatures between 500 °C and 790 °C. However, all meta-
mafic detrital rutile grains have Zr concentrations ranging 
from 20 μg/g to 1300 μg/g, which correspond to 480–780 °C 
at 10 kbar. Metapelitic and metamafic source rocks have dis-
tinct Zr-in-rutile temperatures due to difference in fluid com-
position. Thus, detrital rutile grains in the metamafic rocks 
could have grown from different fluid at lower temperatures 
than those of the metapelitic rocks. The Zr-in-rutile tempera-
tures and Cr–Nb discrimination diagram pointed that the 
potential source area for sandstones in the Jurassic Bayırköy 
Formation was dominated by the amphibolite-facies metamor-
phic rocks (Fig. 6b, c). Detrital rutiles grains from the metape-
litic rocks sourced from paragneiss, mica schist, whereas 
metamafic detrital rutiles possibly originated from amphibo-
lite, eclogite and metagabbro. On the other hand, less detrital 
rutile grains underwent the conditions of granulite-facies 
metamorphism.

Nb/Ta ratios of rutile can be used as a tracer of geochemical 
processes during subduction zone metamorphism, crustal–
mantle differentiation through magma evolution and element 
cycling (e.g., Foley et al. 2000; Ding et al. 2009). Detrital 
rutile grains from two sandstone samples have a wide range of 
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Nb/Ta ratios and relatively similar Zr/Hf ratios compared to 
metamorphic rutile (Fig. 7). The metapelitic detrital rutile 
grains give the Nb/Ta ratios ranging between 4 and 64, whereas 
the Nb/Ta ratios of metamafic detrital rutile grains vary from  
2 to 58. The metapelitic detrital rutile grains have slightly 
higher Nb/Ta ratios than those of metamafic detrital rutile 
grains. The wide range in Nb/Ta for metapelitic detrital rutile 
grains may have been resulted from the fluid-rock interaction 
processes. As metapelitic rocks include more water relative to 
metamafic rocks during metamorphic reactions and hence 
could have given rise to highly variable values for their Nb/Ta 
ratios (Liu et al. 2014). Metapelitic and metamafic detrital 
rutile grains from two sandstone samples frequently have 
subchondritic Nb/Ta (4–64) and Zr/Hf (4–59) ratios (Fig. 7b). 
All known mantle and crustal reservoirs have essentially 

subchondritic Zr/Hf and Nb/Ta ratios (e.g., Foley et al. 2000; 
Rudnick et al. 2000; Klemme et al. 2005; Meinhold 2010). 
Comparable Nb/Ta ratios were documented in metapelitic and 
metamafic rocks from the Devonian–Carboniferous amphi
bolite-facies clastic rocks in the Istanbul Zone and Central 
Sakarya Zone (Okay et al. 2011; Şengün et al. 2020a).

Nb/Ta and Zr/Hf ratios also give information about rutile 
origin such as metamorphic, magmatic and hydrothermal 
(Pereira et al. 2019). Some detrital rutile grains with very low 
Nb/Ta ratios indicate that these rutile grains formed in hydro-
thermal systems (Fig. 9a). Authigenic rutile and rutile from  
the low-T fluids give low Nb/Ta ratios, since Ta grows more 
compatible with rutile in the presence of aqueous fluids, com-
bined with low Zr/Hf ratios (Pereira et al. 2019). Most detrital 
rutile grains have Nb/Ta and Zr/Hf ratios largely occurring in 

Fig. 8. (a, c) Tera-Wasserburg concordia diagrams for detrital rutile ages (sample 2428 and sample 2432). Rutile ages are plotted with 2σ error 
ellipses. (b, d) Detrital rutile U–Pb age data distributions (KDE). The bandwidth of the histograms and the bandwidth for the KDE plots are  
20 and 40, respectively. Single-analyses concordia ages are used for the KDE plots and common 208Pb corrected ratios for the Tera-Wasserburg 
concordia diagrams. n = number of dated rutile grains.



301RUTILES FROM THE JURASSIC SANDSTONES (BAYIRKÖY FORMATION, NW TÜRKIYE)

GEOLOGICA CARPATHICA, 2026, 77, 4, 291–306

metamorphic settings, which exhibits that the detrital rutile 
grains are of a metamorphic origin (Fig. 9b). So, geochemical 
distribution of detrital rutile grains (Fig. 9) show that these 
detrital rutile grains were derived from multiple sources.  
The elevated Fe concentrations (>1000 μg/g) of detrital rutile 
grains probably give a clue about metamorphic origin, whereas 
magmatic rutiles generally have less than 1000 μg/g Fe (Zack 
et al. 2004). The Fe contents of detrital rutile grains from two 
samples range between 1100 μg/g and 9800 μg/g, which indi-
cates metamorphic origin. However, sixteen rutile grains have 
magmatic origin with low Fe contents (150–1000 μg/g). 
Moreover, orogenic gold-related rutile (Sn–W-rich) shows  
a significant overlap in Nb/Ta ratios that is consistent with 
metamorphic origin (e.g., Zack et al. 2002; Zeh et al. 2018). 
Rutile from W–Sn deposits associated with granite pegmatites 
and gold mineralized rocks contain high Sn and W concentra-
tions (>1000 μg/g) together with high Nb and Ta contents 
(Rice et al. 1998; Clark & Williams-Jones 2004; Scott 2005). 
Trace element chemistry indicates that some rutile grains  
(~21 grains) have higher Sn and W concentrations (>1000 
μg/g) as well as Nb and Ta contents, which may have been 
derived from mesothermal gold deposits and granite–pegma-
tite-hosted W–Sn mineralization.

Sources of detrital rutile grains in the Jurassic sandstones

The source lithology from all analysed detrital rutile grains 
is mainly metapelitic (70 %, mica schists, paragneisses). 
Therefore, metamafic rocks such as eclogites and amphibo-
lites with a great majority of rutile grains were not commonly 
outcropped at the surface of the source. These eclogitic and 
amphibolitic rocks are presently exposed in the Bandırma 
region, where include HP–LT eclogites dates as latest Triassic 
(208–203 Ma) using Ar–Ar method on phengites (Okay & 
Monié 1997). The metapelitic and metamafic source litholo-
gies are represented by Variscan high-grade metamorphic 
overprint (amphibolite-facies metamorphism) at 313–330 Ma 
(Fig. 8). The 313–330 Ma could be accepted as the age range 

for the metamorphism of potential source rocks in western 
Sakarya Zone. However, four rutile grains yield Triassic ages 
between 212 Ma and 251 Ma, twenty-three rutile grains have 
the ages between 259 Ma and 291 Ma, and eleven rutile grains 
Ediacaran ages ranging from 541 Ma to 694 Ma (Fig. 8).  
All these ages indicate multiple sources for the detrital rutile 
grains in the Jurassic sandstones. The detrital rutiles with  
694–541 Ma populations showing the Gondwana origin. 
Detrital zircons in paragneisses from the Söğüt region in the 
Central Sakarya Zone and Eastern Sakarya Zone have also 
650–500 Ma populations (Ustaömer et al. 2012, 2013), which 
consistent with detrital rutile populations from the Jurassic 
sandstones. Therefore, detrital rutile data demonstrate that 
Neoproterozoic–Cambrian granites form the pre-metamorphic 
sequence, which is overlain by the Paleozoic sedimentary and 
intrusive rocks.

Zr-in-rutile temperatures for the amphibolite-facies meta-
morphism range between 480 °C and 790 °C. The Variscan 
high-grade metamorphic basement rocks are present in the 
Sakarya Zone (Kazdağ, Uludağ, Söğüt, Kurtoğlu and Pulur 
Massifs), Balkanides (Rhodope Massif, Serbo Macedonian 
Massif), Pelogonian Zone, Strandja Massif, Lesser (Dzirula 
Massif) and the Greater Caucasus (Blyp Complex). The meta-
morphism of these basement rocks in the Sakarya Zone, 
Strandja Massif, Rhodope Massif, Dzirula Massif can be 
ascribed to the Variscan orogeny with Carboniferous ages 
(310–330 Ma) from Kazdağ, Söğüt and Pulur Massifs (Okay 
et al. 1996, 2001; Carrigan et al. 2006; Topuz et al. 2007; 
Mayringer et al. 2011; Yaşar et al. 2025). 

Amphibolite-facies metamorphic basement rocks of the 
Kazdağ Massif, Uludağ Massif, Pulur and Kurtoğlu Massif 
located in the Sakarya Zone are mainly composed of quartz–
feldspathic gneiss, amphibole-bearing gneiss, amphibolite, 
marble, meta-ultramafic rocks with minor migmatite. Zircon 
ages from the felsic gneisses and amphibolites in the Kazdağ 
Massif yielded 308–329 Ma, which indicates that the Kazdağ 
Massif experienced amphibolite-facies metamorphism during 
the Early Carboniferous (Okay et al. 1996). The Kazdağ 

Fig. 9. Zr/Hf vs Nb/Ta discrimination diagrams for detrital rutile with discriminative fields for fluid-related, hydrothermal, metamorphic and 
magmatic-related rutile (Pereira et al. 2019).
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Massif could be compared to the Early Carboniferous amphi-
bolite-facies metamorphic rocks of the Rhodope Massif in 
Greece, Söğüt, Pulur and Kurtoğlu Massifs in central and eas
tern Sakarya Zone, and Dzirula Massif in the Lesser Caucasus 
(Okay et al. 1996; Okay & Satır 2000a; Topuz et al. 2007, 
2020; Mayringer et al. 2011; Yaşar et al. 2025). Therefore,  
the age of amphibolite-facies metamorphic rocks and P–T 
conditions suggest that these metamorphic basement rocks 
could be the primary source rocks for the detrital rutiles in the 
sandstones of the Jurassic Bayırköy Formation from the wes
tern Sakarya Zone. On the other hand, detrital rutile grains 
have magmatic and hydrothermal origin, which shows Car
boniferous magmatic source rocks (Fig. 1). These granites 
mainly expose in the western Sakarya Zone (Gönen granite), 
in the central Sakarya Zone (Söğüt granite), in the eastern 
Sakarya Zone (Gümüşhane, Narlık granites), Strandja Massif 
(Kula, Kırklareli granite), Rhodope Massif (Arda, Byala Reka, 
Kesebir granites) and in the Lesser Caucasus (Dzirula and 
Kharami granites), which intrudes amphibolite-facies meta-
morphic rocks and unconformably overlain by Lower Jurassic 
continental to marine sedimentary rocks (Fig. 10). U–Pb zir-
con ages of Carboniferous granites vary from 336 to 294 Ma 
(Topuz et al. 2010; Gamkrelidze et al. 2011; Mayringer et al. 
2011; Okay et al. 2011; Ustaömer et al. 2012, 2013; Machev et 
al. 2015; Natal’in et al. 2016; Şengün et al. 2020b). They are 
also derived from mesothermal gold deposits and granite–

pegmatite-hosted W-Sn mineralization based on the high 
Sn–W and Nb–Ta contents. Metapelitic and metamafic detri
tal rutile grains originated from amphibolite-facies rocks  
may have been transported into the Early Jurassic basin.  
The Jurassic sandstones exposed in the western part of the 
Sakarya Zone were deposited on a passive continental margin 
of the Jurassic basin. This passive margin was settled on the 
back-arc side or the southern side of the subduction-related 
magmatic arc. Sediments derived from the metamorphic base-
ment rocks were transported into the back-arc basin and have 
geochemical characteristics identical to those of passive con
tinental margin (Şengün & Koralay 2019).

The Early Carboniferous metamorphism from the Sakarya 
Zone to the Caucasus occurred between 318 Ma and 340 Ma 
(Fig. 10). Ar–Ar mica, amphibolite and detrital rutile U–Pb 
ages show that the Söğüt metamorphics underwent the amphi-
bolite-facies metamorphism during the Early Carboniferous 
(318–346 Ma; Uğurcan et al. 2019; Şengün et al. 2020b; Yaşar 
et al. 2025). U–Pb monazite age from the Pulur Massif (Topuz 
et al. 2004) and zircon age from the Narlık region (Ustaömer 
et al. 2013) in the eastern Sakarya Zone yielded ~330 Ma and 
334 Ma, respectively, which reflects the age of regional meta-
morphism. U–Pb zircon ages constrain the peak metamor-
phism ranging from 340 to 330 Ma in the Dzirula Massif 
(Mayringer et al. 2011). U–Pb zircon ages indicate that amphi-
bolite-facies metamorphism took place in the Sredna-Gora 

Fig. 10. Magmatic, metamorphic and sedimentary events during the Variscan orogeny in the Sakarya Zone (modified from Okay & Topuz 
2017).
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Massif in Bulgaria (Balkanides) at ~337 Ma (Carrigan et al. 
2006). U–Pb detrital rutile ages from the Carboniferous flysch 
of the Istanbul Zone yielded Late Devonian–Early Carbo
niferous metamorphic age and trace element geochemistry 
exhibits the amphibolite-facies metamorphic source (Okay et 
al. 2011). Thus, these clastic rocks could be another possible 
source of detrital rutiles in sandstones from the Jurassic 
Bayırköy Formation. Moreover, Zr-in-rutile temperatures of 
metapelitic rutiles were estimated as 550–750 °C that is simi-
lar to our detrital rutiles (Okay et al. 2011).

Conclusions

This work provides combined trace element geochemistry 
and U–Pb dates from detrital rutile grains in sandstones of the 
Jurassic Bayırköy Formation for their potential source rocks. 
The following main results are obtained from detrital rutile 
grains in the western Sakarya Zone.
•	 According to the Cr–Nb discrimination, the great majority 

of detrital rutile grains (70 %) are sourced from metapelitic 
rocks such as mica schist and paragneiss, the rest of detrital 
rutile grains (30 %) are derived from metamafic rocks such 
as amphibolite, eclogite and metagabbro. Trace element 
composition suggests that detrital rutile grains have mostly 
metamorphic origin and to a lesser extend hydrothermal and 
magmatic origin.

•	 Zr contents in most metapelitic detrital rutile grains vary 
between 30 μg/g to 1400 μg/g, which correspond to the 
Zr-in-rutile temperatures between 500 °C and 790 °C. How
ever, all the metamafic detrital rutile grains have Zr concen-
trations ranging from 20 μg/g to 1300 μg/g, which yields 
480–780 °C at 10 kbar. The difference in metamorphic tem-
peratures is caused by difference in fluid composition. 

•	 The calculated rutile formation temperatures indicate that 
the great majority of detrital rutile grains originate from 
amphibolite-facies metamorphic rocks, whereas less detrital 
rutile grains were derived from greenschist and granulite-
facies metamorphic rocks.

•	 The lower intercept 238U/206Pb ages of detrital rutile grains 
range from 313 ± 10 Ma to 330 ± 12 Ma, which yields the age 
of metamorphism for the potential source rocks of detrital 
rutile grains in the Sakarya Zone.

•	 Metapelitic and metamafic detrital rutile grains sourced 
from amphibolite-facies rocks and magmatic rocks in the 
Jurassic sandstones may have been transported into the sedi
mentary rocks of the Jurassic Bayırköy Formation before 
Early Carboniferous time. The Jurassic sandstones exposed 
in the western part of the Sakarya Zone are consistent with 
a passive margin setting as stated in the previous studies. 

•	 Trace element geochemistry of detrital rutile grains with 
their isotopic ages exhibit potentially derivation from meta-
morphic source rocks which were chiefly metapelitic with  
a metamorphic overprint at amphibolite-facies conditions 
during Early Carboniferous. Another conceivable source  
for detrital rutile grains could be syn- to post-tectonic 

Carboniferous granites, mesothermal gold deposits and 
granite–pegmatite-hosted W–Sn mineralization owing to 
high elevated Sn and W concentrations in detrital rutile 
grains.

•	 The metapelitic and metamafic source lithologies are repre-
sented by Variscan amphibolite-facies metamorphic base-
ment rocks that are present in the Sakarya Zone, Strandja 
Massif, Rhodope Massif. The Early Carboniferous amphi
bolite-facies metamorphism from the Sakarya Zone to the 
Caucasus occurred between 318 Ma and 340 Ma. The age of 
amphibolite-facies metamorphic rocks and P–T conditions 
suggest that the metamorphic massifs could be the primary 
source rocks for the detrital rutiles in the sandstones of the 
Jurassic Bayırköy Formation. 
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